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Introduction 

A cer ta in  amount of the l a r g e  l i t e r a tu re  concerning the synthesis  of compounds 
in e lec t r ica l  discharges r e l a t e s  to the  synthesis  of polymeric  ma te r i a l s ,  and many 
industr ia l  patents exis t  i n  this  category.  
1 )  hydrocarbon reactant(  s) o r  2) discharge appara tuses  involving in te rna l  electrode 
configurations a s  the s o u r c e  of excitation, and the glow discharge  or  "cold plasma" 
was initiated by a .  c. o r  d. c. fields of s e v e r a l  hundred volts between the internal 
e lectrodes ( 1 ) .  

Most of these  syntheses  have employed 

We wish to repor t  a n  e lec t rode less  d ischarge  synthesis  of a polymeric  mater ia l  
involving the s imple inorganic  gases  CO, N2 and H2. 
t rode less  technique a r e  pr incipal ly  avoidance of e lec t rode  e ros ion  o r  kinetic in te r -  
act ion of the electrodes with t h e  react ing gas mixtures ,  the  capability of filling uni- 
f o r m l y  a plasma r e a c t o r  with a volume of excited gas ,  and engineering advantages 
of radiofrequency excitation. 

The advantages of the e lec-  

Experimental  

Run Procedure  

An apparatus  fo r  prec is ion  meter ing  of s e v e r a l  gases  into plasma r e a c t o r s  was 
designed and constructed for  t h i s  work. Up to 
four different  gases  may be m e t e r e d  individually a t  known flowmeter p r e s s u r e s .  
Since the gases  were  non-cor ros ive ,  m e r c u r y  manometers  adeq ately served  a s  the 
flowmeter p r e s s u r e  m e a s u r e m e n t  device.  Flows of g a s e s  in cm' min- '  NTP were 
calculated from the gas  v iscos i ty  a t  the operating tempera ture ,  the gas  density a t  
the operating p r e s s u r e  and t e m p e r a t u r e ,  and the flowmeter sca le  reading. 
m e t e r  operating p r e s s u r e  P was calculated f r o m  P = AP t P where Psys 
is the  s y s t e m  p r e s s u r e  m e a s u r e d  a t  Point A and AP i%%e different%lspressure 
a c r o s s  the manometer .  

F igure  1 shows the s y s t e m  design. 

The flow- 

F M  

The accuracy  of flow rates a r e  taken to be f 2% to f 10% depending on flow meter  
condition and flow rate .  
The reagent  gases ,  s o u r c e s ,  and  s ta tement  of puri ty  a r e  a s  follows: 

In n e a r l y  every  case ,  the f 2'7'0 accuracy  was maintained. 

Gas Grade  Source Pur i ty  

co c. P. Mathe s on 99. 570 

H 

- 
I I  

,I 

11 

99.7% E x t r a  Dry 

Coleman 
P r e -  Purif ied 99. 95% 

99. 99% 

N2 

After  calculations of the d e s i r e d  flow r a t e s  and consequent requi red  flow condi- 
t ions,  the ent i re  gas  l ine i s  purged by a l te rna te  pumping and filling with the desired 
gases .  
a r e  adjusted t o  provide the  conditions of flow m e t e r  p r e s s u r e  P 
indication necessary  to  produce  with a c c u r a c y  the d e s i r e d  f l o w - M e s .  

The meter ing valve V(2) and the flow m e t e r  p r e s s u r e  regulating valve V(3) 
and flow meter  

Leak checks 
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1 '  
Fig. 1 Schematic  of flow d ischarge  appara tus  and g a s  monitoring sys tem.  
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with a he l ium m a s s  spec t romete r  leak  de tec tor  a r e  made before  and a f t e r  the experi-  
mental  run. Vrlve V ( 1 )  is  a g a s  flow on-off valve. 

With the flow ra t e s  accu ra t e ly  adjusted,  the R F  Genera tor /RFG-600 ( s e e  below) 
connected t o  the capacit ive exc i t e r  i s  energized and the activator tuned while bring- 
ing the genera tor  to maximum power,  - 300 watts. T rap  T ( l )  which i s  filled with 3 
m m  d iame te r  g lass  beads  and some  pyrex  wool to a s s u r e  efficient trapping i s  chill,& 
with liquid nitrogen. T r a p s  T(2)  and T(3) a r e  chilled respec t ive ly  with a d ry  ice /2-  
propanol s l u r r e y  and liquid nitrogen. 
efficient trapping and to a s s u r e  non- in te r fe rence  f rom vapors originating f rom the 
pump. Next, the second R F  generatorlRFG-600,connected to the inductive exciter 
is energ ized  and the ac t iva tor  tuned while bringing the genera tor  to maximum power, -- 300 watts. 

T(3)  contains 5 m m  glass  beqds aga in  to a s s u r e  

With the gases  and flows se lec ted  f o r  the experiment, the reac t ion  proceeds  and 
After running a 

The pump i s  then valved off and the sys t em let  up to a tmosphe re  with A r -  

the polymer  i s  allowed to accumula te  along with the other products.  
length of time, the gene ra to r s  and gas  flows a r e  turned off and the t r a p s  allowed to 
w a r m  up. 
gon. The polymer  of i n t e re s t  is removed f r o m  the inner su r face  of the center  tube 
of T(2) and retained for ana lys i s .  

Radiofrequency Equipment 

The two plasma r e a c t o r s  w e r e  each  activated e i ther  capacit ively o r  inductively 
with R F  gene ra to r s  (RFG-600,  T race r l ab ,  Inc. ) with deliverable power f rom mini- 
m u m  up to 300 watts. The  gene ra to r s  consist  of a n  R F  section composed of a two 
s tage  s y s t e m  utilizing a c r y s t a l  controlled osc i l la tor ,  and a C las s  C power amplifier 
stage.  The second pa r t  is a power supply producing plate,  s c r e e n ,  b ias ,  and fila- 
ment  power.  The de ta i l s  of the  e lec t ronic  r equ i r emen t s  for  generation and t r ans -  
mis s ion  of R F  energy  have been  descr ibed  e l sewhere  ( 2 ). 

Energy  from the gene ra to r  is t ransmi t ted  to the  exc i te r  p la tes  R(1),  o r  coil, 
R(2) via a p lasma ac t iva tor ,  t h e  c i r cu i t ry  of which allows maximization of the RF  
energf to  the gas load and minimization of the reflected power back to the generator.  
A g r e a t  exper imenta l  advantage  of th i s  means  of power delivery and measurement  is 
the ability the opera tor  r e a l i z e s  in being ab le  to  reproduce  his d i scha rge  conditions 
for the different exper iments  or f r o m  run to run. 
genera tor  is a function of gas  type and concentrations,  which in t u r n  a r e  related to 
s y s t e m  p r e s s u r e s  and flow ra t e s .  Each t ime  a n  excited gas  p a r a m e t e r  is changed, 
t he re  is a concomitant change in the in t r ins ic  impedance of the gas  load, which must 
be r ema tched  to the impedance  of the secondary ac t iva tor  c i rcu i t s .  Thus, 
the convenience of s imply  being able t o  achieve th i s  matching by the power me te r  on 
the  gene ra to r ,  which r e a d s  forward  and reflected power,  is a decided advantage. 

The net power de l ivered  by the 

- 
All exper iments  w e r e  c a r r i e d  out a t  a radiofrequency of 13.56 MHz*487 KHz, an FCC 

1 approved non- in te r fe rence  band. The choice of inductive vs.capacitive exc i te rs  for 
R(1) and R(2) was r a t h e r  a r b i t r a r y ,  both w e r e  employed t o t e s t  any  significant d i f fe r -  
ences  in the  reactions induced. The conclusion is that the chemis t ry  is independent 
of the mode of excitation. T h e r e  a r e ,  however,  definite advantages e i ther  configu- 
ra t ion  o f f e r s  in ce r t a in  s y s t e m s ,  such  a s  gas-so l id  reactions.  i This  has  been des- 
c r ibed  in Ref. ( 2 ) .  I 

; 

Observations and Discussion 

Synthesis 

The polymers  to be desc r ibed  below can  be produced either of two ways: 
reac t ion  d i rec t ly  of CO, H2, and N2; or ( 2 )  the reaction first of C 0 2  and H2 t o  pro- 
duce CO, via the water  g a s  reac t ion ,  and then subsequent reaction of the produced 

( 1 )  the 
,) 
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co, with excess  H2, and N 
Fig. 1 ,  o r  in  the manifold sys tem.  
Source Of  CO and was employed for  most  of the preparat ions.  
t empera ture  of T( 1) and i t s  packing trapped a l l  significant water  produced in  the 
water -gas  react ion,  a s  well  a s  remaining COz. It became apparent  that if T ( l )  does 
not t r ap  a l l  the significant water ,  that no polymer f o r m s  a t  T(2) ,  due e i ther  to  a re -  
action of H 2 0  o r  d i scharge  products  t h e r e f r o m  ( 3 )  with polymer p r e c u r s o r s ,  o r  to 
the in te r fe rence  of water  to the deposition of the polymer as a f i lm on the cold inner 

admit ted e i ther  downstream of T(1) ,  as indicated in 

The liquid n i t rogen .  

2 The l a t t e r  experiment  was believed to be a p u r e r  

tube of T(2) .  I 

The polymers  a t  low N flows a r e  charac te r ized  by being t ransparent ,  yellow, 
tightly adherent  films. At fiigher N2 flows, the t ransparency  d e c r e a s e s ,  and fi lm 
strength a p p e a r s  to d e c r e a s e ,  indicating perhaps lower molecular  weight mater ia l s  
being formed.  

The production of the polymer under the flow conditions l i s ted  in Tabie I appears  
cr i t ical ly  dependent on the s y s t e m  p r e s s u r e .  In the exper iments ,  the flow8 bf CO o r  
CO and H 
waH v a r i e d  resu l ted  f r o m  permeat ion  through a very 2 shor t  segment  of Tygon tubing initially connecting R ( l )  to  the manifold outlet. These 
r a t e s  of permeat ion  w e r e  m e a s u r e d  by observing r a t e s  of s y s t e m  p r e s s u r e  increases  
with t ime,  and checked by He permeat ion with the m a s s  s p e c t r o m e t e r  at the s a m e  
point. In Run 861, the uncertainty is probably an  o r d e r  of magnitude; in Runs 631 
and 291, the uncertaint ies  are half that. 
t ia l  experiments  were  much less than measured  flow r a t e s  in  subsequent experiments ,  
which indicate (Table  I) that less and l e s s  polymer is produced other  

was  o%served to f o r m  a t  all. 

. 
w e r e  maintained a t  near ly  constant values  while the ni t rogen flow ra te  

The very low flow r a t e s  of N 

5' 

.. 
' 

a s e s  fixed) as 
1 the N flow ra t e  i nc reases .  At a very  high N2 flow, - ca. 107 cm' min-', no polymer 

In any case ,  the low flows of N2 in  the ini- 

1 
TABLE 1. Flow Conditions for  Several  Sample P r e p a r a t i o n s  

I I 

~ 

, c m 3  m i n - l  
). 

N2 H2 co2 co 
h '  

861 1. 18 - - -  1-3. 1 ~ 1 0 - ~  3 .  65 
b 

63 1 1 .43  - - -  3.  9x10-3 3.  95 
I 291 - - - -  2. 18 -42. 5x10-' 4.43 

bl 931 1.25 - - -  1. 26 3.  60 

I 991 1.36 - - -  9. 88 3. 83 6 890 1.36 - - -  107 3 .  74 

i 

I 1 Run I Flow Rates  Power ,  Watts Run 
p s Y s ,  Time; 

R(1) R(2) Mins. t o r r  

. 3 1 0  330 1, 355 680 

.320  - - -  280 414 

. 3 6  300 - - -  720 

. 4 5  320 350 463 

. 7 5  320 410 460 

2 .47  320 360 273 

1 Table I1 indicates  e lemental  ana lyses  f o r  C, H, N, and 0 f o r  s e v e r a l  runs.  The p e r  
cent ni t rogen is found to  i n c r e a s e  as the flow of N increases .  This  suggests ,  up t o  
a cer ta in  point, that one can produce in  this  exper iment  ta i lored polymers  containing 
a control lable  amount of a given consti tuent by controll ing i t s  flow ra te .  The depen- 

2 

dence of p e r  cent ni t rogen found in  the polymer on flow r a t e  is given in  F igure  2. 

Why no polymer f o r m s  a t  high s y s t e m  p r e s s u r e s ,  ca. 1 . 0  m m  Hg p r e s s u r e ,  is 

- H2 mixture ,  since 

Li t t le  molecular  o r  a tomic  oxygen, a s  such,  should be produced in  these 

perhaps  due to competing gas  phase  p r o c e s s e s  ( 4 ) .  
doubt may be a r r i v e d  a t  by substi tution of ammonia  f o r  the N 
one often achieves many s i m i l a r  r e su l t s  i r r e spec t ive  of whetker  one u s e s  N 
o r  NH3. 

T h F s a m e  types of polymers  no  

2 + H 2  



Run 70 Element Found 

C H 0 N 

861 80.51 10.31 8. 06 0. 2 

63 1 75. 0 9. 5 12. 7 2. 8 

291 68. 19 9. 12 13.23 8 . 8 4  

93 1 55.90 7.77 18.40 17.64 

v e r y  l i t t l e  f o r m e d  
n o  p o l y m e r  f o r m e d  

Total  

I 

99. 1 
100. 0 

99.38 

39.71 

Spectroscopy 

The t ransmiss ion  i n f r a r e d  (Fig.  3) and in te rna l  ref lectance,  ATR (Fig.  4) spec- t 
t r a  for  samples  291 and 633, respect ively,  show very near ly  identical fea tures  for  the 
pr incipal  bands. 

< 
Structural  moiet ies  such as ’ 

0 
- z - N H 2 ,  -CH2-,  -CH3, C-N, C=N, and -OH / 

4 
in  organic  compounds give the best  comparat ive inf ra red  spec t r a l  fea tures  to those 
observed for the synthesized polymer.  Spectra  of polyacrylamides,  polyacryloni- 
t r i l e s  and proteins  ( 5 )  of s o m e  types,  give quite similar spectra .  Carbon-nitrogen 
double o r  single bonds m a y  ex is t  in the synthesized p y y m e r ,  but t he re  is no evidence 
f o r  the s t rong  -CEN frequency a t  ca. 2240 - 2260 c m -  (5) .  Nicholls and Krishna- 
m a c h a r i  (6 ) found in microwave  eTFctrodeless d i s c h a r e e s  a t  2450 MHz emission 

u 

bands of NCO formed a t  cryogenic  t e m p e r a t u r e s  f r o m  the reac t ion  

I 
N ( 2 P )  t C 0  (X C t ) + N C O  

a t  the cold surface.  
tant s t ruc tu ra l  entity in  the p r e s e n t  case.  

Thus a n  NCO spec ies  m a y  en te r  into the polymer as  a n  impor-  

Conclusions 

Under the flow d ischarge  conditions of this  study, the R F  e lec t rode less  method 
a p p e a r s  to  offer in te res t ing  synthetic possibi l i t ies  with the s imple  inorganic  gases.  
One might bet ter  understand t h e  mechanism of or igin of s o m e  polymers  a s  a func- 
tion of s imple  excited m o l e c u l a r ,  a tomic o r  f r e e  rad ica l  p r e c u r s o r s ,  generated in  
the discharge.  The composi t ion of the  gas  phase  products  formed in  var ious reac-  
t ions would be worth monitoring. 
being analyzed. 

Some of the  gas  products  in  the  present  study a r e  
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Fig. 3 1nf rared . t ransmiss ion  spec t rum of polymer ,  Run 291. 
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